This paper presents the fabrication and the testing of piezoelectric unimorph actuators with embedded piezoelectric sensors which are meant to be used for the actuation of the Micromechanical Flying Insect (MFI). First the fabrication process of a piezoelectric bending actuator comprising a standard unimorph and a rigid extension is described together with the advantages of adding such an extension. Then the convenience of obtaining an embedded piezoelectric sensor by a simple and inexpensive variation of the fabrication process is pointed out. A model for the sensor embedded into a unimorph actuator with rigid extension is derived together with its flat response band limits. calibration steps are also outlined which allow, despite residual parasitic actuator-sensor coupling, the use of the actuator with the embedded sensor for measuring position and inertial forces when external mechanical stmctures are driven. An experiment is cam'ed out which validates the model for the actuator/sensor device under desired operating conditions. Preliminary application of the fabricated device to the MFI is also presented where the mechanical power fed into the wing is estimated.
Introduction
Piezoelectric actuators are widely used in smart strncture applications due to their high bandwidth, high output force, compact size, and high power density properties. For such reasons they are very appealing for mobile microrohotic applications such as the Micromechanical Flying Insect (MFI) [l] where, because of strict sizelweight constraints, smart structures capable of both actuating and sensing are p r e ferred. Since the technology needed to fabricate PZT based bending actuators was already available [4], the 'This work was funded by ONR MURI N00014-98-1-0671, DARPA.
possibility of integrating sensorial Capabilities into the actuators themselves was investigated. Many works exist where piezoelectric thin patches are bonded to structures in order to sense the deformation of a specific area [2] but, in most of the cases, the process for fabricating unimorph actuators needs to be heavily modified. The idea of extending the capabilities of a standard unimorph actuator with a lateral sensor came from [SI although no hint was given for the fabrication involved. The possibility of having the sensing section and the actuating section coexisting on the same piezoelectric layer, differentiated by simply patterning the electrode instead of aligning and bonding two different piezoelectric layers next to one another, was investigated. The sensor obtained in this way was affected by a strong electromechanical coupling between the actuating area and the sensing area, mainly a parasitic capacitance between the two electrodes. In order to shield such a capacitance, a third grounded electrode was then introduced in between the two sections.
Fabrication
Since the publication of [4] , several improvements have been made to the fabrication of PZT based unimorph actuators. The only parameter unchanged is the ratio of thicknesses of the two layers constituting the unimorph since its choice was based upon the output energy optimization criteria [4]. The basic unimorph is obtained by bonding together stainless steel and PZT (PZT-5H, T105-H4E602 ceramic single sheet, Piezo Systems, Inc.) respectively with thicknesses t, = 76.2pm and t, = 127pm. Fab rication details can be found in tric material which is available in k e d dimensions. Difficulties arising in reshaping its size, without damaging its single crystal properties, impose the use of its original dimensions. On the contrary, PZT is a ceramic material, relatively inexpensive, which can be simply reshaped by laser cutting without perceptible loss of its properties. Although much larger, for testing purposes, an equivalent unimorph can be made out of PZT which provides, from the mechanical output, the same stiffness and blocking force theoretically provided by a PZN-PT based unimorph. Planar dimensions for the PZT based unimorph have been determined to be (width) Watt = 6mm and (length) Lmct = 12mm.
Rigid Extension
MFI [4] is a biomimetic project and a major design constraint is the wing beat resonance, determined to be at about 150Hi. The stiffness of the actuator is therefore designed [4] to resonate, together with wing inertia reflected through an amplifying mechanism (bbar mechanism), at this frequency. With the given fixed dimensions for the PZN-PT based unimorph, which translate into Watt, L,,t, t, and t, for the PZT based equivalent one, the resulting stiffness would be too large. A rigid extension can be designed so that, by acting as a lever, it would provide larger free displacement at its tip together with lower blocking force, thus, leading to lower stiffness. In order to obtain the required stiffness, a rigid extension of length LeZt = 8mm is needed. Rigidity of such an extension is a necessity. A flexible one would bend, storing part of the actuation energy instead of transmitting it to the wing. A first idea would be extending the very stainless steel layer which constitutes the unimorph but it can be easily seen that it would be even more compliant than the unimorph itself. A stiffer structure can be bonded on top of the extended stainless steel such as a hollow triangular beam as shown in Fig. 1 . Such a folded structure is much stiffer than a planar structure. It can in fact be made out of thinner, therefore lighter, stainless steel (12.5fim) and still be considered rigid. The lighter the extension the more ideal it can be considered. As shown later, the inertia of the reflected wing is about 190mg while the inertia of the extension is less than 10mg. The dynamics, i.e. the inertial terms, of the extension can then be neglected. Advantaga of adding a light and hollow rigid extension instead of having a longer unimorph with similar output mechanical behavior, i.e. stiffness and blocking force at the tip, can be summarized as:
the final actuator will be lighter since a hollow beam replaces a comparably long section of the unimorph itself.
higher first mode resonant frequency since also the equivalent mass of the actuator, which t e gether with its stiffness defines the first resonance, is lighter.
behaving as a lever, the rigid extension represents a first stage where the actuator tip displacement is pre-amplified. A pre-amplifying stage helps reducing nonlinearities deriving from a single high ratio amplifying stage (often needed in piezoelectric actuators based applications).
higher energy density can be achieved since the extension converts a force load at the tip into a combination of the same force plus a torque (see Fig. 5 ) at the unimorph tip. Such a combination produces more bending throughout the unimorph than only the force would.
Side Sensor
As qualitatively described in [6], considering an actuator of width Wac, and length La,, constituted by a piezoelectric layer bonded onto an elastic layer, another narrow piezoelectric strip of width W, << We,, and same length as the actuator can be bonded onto the elastic layer, side by side with the piezoelectric layer constituting the unimorph actuator itself. This way it will be subject to the same deflection as the actuator and via the piezoelectric effect a measure of the mean curvature of the actuator can be derived, as shown later. The sensor should be much narrower than the actuator in order not to affect the deflection. Ideally there should be no coupling between the piezoelectric layer of the unimorph and the sensing strip. PZT ceramics can be easily shaped by laser cutting. A 532nm (green) laser beam can be generated by the QuikLaze micro-machining system (New Wave Research Inc.) which, at its maximum output power, is capable of cutting through PZT quickly enough not to overheat the sample. This allows precisely cutting out the piezoelectric pieces that will be lately bonded onto the stainless steel layer. By reducing the power of the laser beam, it is also possible to pattern the very thin layer of nickel that constitutes the electroding layer of the piezoelectric sheets. Since laser cutting the PZT pieces is a necessary step in the fabrication of the actuator, adding electrode patterning to the CUTrent process is a very inexpensive operation since no alignment has to be done and it takes relatively little time compared with the laser cutting itself. Fig. 2 shows a photo of the piezoelectric layer whose top side electrode has been patterned with low power laser beam and then cut through with high power laser beam. Its whole length is divided into an active area which will be free to bend together with the elastic layer and the remaining area which, together with the elastic layer, will be clamped and kept from bending. The clamping area is where the wires will contact the electrodes, V,,, for the actuator and V,,,, for the sensor. The presence of a third electrode ( G N D ) is explained below. Differently from previous work 121, in order to keep the fabrication process simple and inexpensive, the actuator and the sensor coexist on the same piece of piezoelectric material. They only differ from one another because of the discontinuity of the electrodes, ut ut leading thus to a strong electromechanical coupling. As shown later, the sensor is meant to reveal a structural bending by producing polarization charge within its volume, proportional to the mean curvature of the unimorph actuator. An electromechanical coupling with the actuator section leads to extra induced charge proportional to the driving voltage and always in phase with it (at least at the frequencies of interest) while the structural bending would not always be in phase with the driving voltage because of the structural modes. The parasitic coupling will therefore result into an offset signal, also called feed-through, always in phase with the driving voltage and that can be taken into account during the calibration. Before calibrating, however, an effective way of shielding the electrical coupling is possible by introducing an electrically grounded strip between actuator and sensing section (referred to a s GND in Fig. 2 ) which can act as a shield for the electric field line coming from the actuator section. Fig. 3 shows electrical connections of the piezoelectric device with driving voltage V,,, and the charge amplifier while the bottom electroded and the top shielding strip are electrically grounded. Because of the o p erational amplifier, the sensing electroded is also at virtual ground. The electric field in the piezoelectric layer of a standard unimorph actuator with a single top electrode can be considered vertical ( z direction) but when a patterned electrode is considered, as in the case of interest, the field fringing can become significant. Fig. 3 schematically sketches how the most of the electric field lines are captured by the grounded strip, thus shielding the sensing area.
Model of a Unimorph Actuator Plus Rigid Extension
A working model for the unimorph actuator can be derived from 171. Following 171, a coordinate system is where:
Figure 4: Coordinate system: the unimorph actuator is a long, narrow and uniform beam along the x axis. Non uniformity, i.e. different materials, is only assumed along the z direction. while the moment of inertia is:
When bending occurs, zn will actnally depend upon x (the coordinate system is in fact defined upon the rest configuration of the unimorph) and also z. and z p but not (zs -zn) nor (zp -zn) which will be constant. Referring to the left side of is the compliance matrix of the unimorph actuator Equation (3) simply assumes that the actuator o p erates at quasi-static conditions. Such an assumption is valid for frequencies much below the first resonant mode which, in the case under consideration, occurs after 500Ht while the working frequencies are at about 150Hz. As for the rigid extension in the right side of Fig. 5 , the dynamical equations of a rigid body simply transform into a lever equation:
if inertial terms are negligible. Equation (5) combined with (3) leads to:
As previously mentioned Mprt = MvV,,,, i.e. after calibration, hfpzt can be directly derived by measuring the input voltage. The sensor, a s shown later, will provide a measurement of Therefore, after algebraic manipulation, (6) can be rewritten as:
moreover, & i p , i.e. the displacement at the tip of the extension, is easily evaluated as:
Model of Piezoelectric Sensor
The model for the charge across the grounded electrodes of a narrow strip of piezoelectric material bonded to a cantilevered beam subjected to a given nonuniform curvature is derived here similarly to [7] . Considering only the piezoelectric material, let S and T be respectively the z-axis components of the mechanical strain and stress and E and D be respectively the z-axis components of the electric field and the dielectric displacement. The other components are not considered, as in [7] . The constitutive piezoelectric equations are:
where Y, " is the Young's modulus a t constant electric field, dsi is piezoelectric coefficient and tT is the dielectric permittivity a t constant stress. The first equation of (9) can be substituted into the second leading to:
As in [5] and 171, the strain is directly related to the neutral axis zn(x) by:
Integrating (10) along z from one electrode located at q = z p -t p / 2 to the other located at 2 2 = z p + t p / 2 and considering that J E d s = 0 when extended between the two grounded electrodes 21 and z2: 
Model Limits
Equation (14) relates the polarization charge built in the sensor directly to the slope atip at the end of unimorph actuator and before the extension. A simple way to measure the polarization charge is by reading the voltage that develops across the sensor electrodes when these are left disconnected. In reality piezoelectric materials are affected by several kind of losses, among these the dielectric ones. Considering the piezoelectric layer as a capacitor, if a static charge is initially placed across its electrodes, the capacitor will eventually discharge because of ohmic losses of the dielectric material constituting the capacitor itself. A piezoelectric layer can then be thought of 8s a pure capacitor CO with a resistance Ro in parallel which takes into account the dielectric losses. Elementary circuit theory shows that such a configuration adds a zero in the origin and a pole, i.e. s/(&Co s + l), to the final frequency response of the sensor. ROC0 represents the discharging time constant of the lossy piezoelectric capacitor.
The pole at (&CO)-' is the lower limit for the frequency range at which the sensor provides a flat response. It is not possible to eliminate the zero in the origin, i.e. the sensor cannot be used at DC or in quasi-static conditions, but it is possible to keep the pole at low frequencies by using a charge amplifier, as shown in Fig. 3 . This well known circuit pumps an external charge into the sensing electrode in order to neutralize the polarization charge and t o keep the voltage across the piezoelectric layer at zero (virtual ground). In this way, since the voltage is virtually zero, there is no effect due to the dielectric losses. In fact, a charge amplifier as the one in Fig. 3 beside the capacitor C has to include a resistor R (not shown in the picture) in parallel. Thus instead of being limited by the (R&o)-' the band is limited by (RC)-' which is controllable and can be set t o be small enough not to interfere with the frequency range of interest.
Band upper limit
The flat-response band upper limit of the actuator/sensor system is solely given by the first mode of the unimorph actuator. Such a frequency depends upon the geometrical dimensions of the actuator itself which should be designed so that the first resonant mode occurs much after the working bandwidth (100 -200Hz for the MFI). Having a flat response simply means that, at any frequency within the flat range, a static model for the actuator is sufficient, i.e. matrices S,,t and G,,t are frequency independent. After the first resonance, a non-flat response of the uuimorph actuator could be theoretically considered and &iP and Ftip could still he derived by (7) but G,t would now be frequency dependent.
?,
Calibration
Calibration is a necessary step in order to be able t o practically use the actuator/sensor device. Both ac- Table 1 : DC measurement for characterizing the stiffness and the free displacement of the actuator.
tuator and sensor calibrations need to be performed but while the former can he done at DC, i.e. with a static procedure, the latter has to be done at AC, i.e. dynamically, since the sensor provides no response at DC.
As also described in 141, by means of an optical microscope, a digital video camera and a T V screen, it is possible to measure linear deflections ranging in the order of 10 -103pm. For the actuator, described by (6), only EI and Mv ( Mp,t = MvVPzt) need to be determined since La,, and Le,, are known. A bending actuator can he characterized at DC by its stiffness and its free displacement. For the former, zero voltage is applied at the electrodes while for the latter no force is applied at the tip. Table 1 reports typical values where Fti, = 31.3mN is applied by hanging a 39 mass at the tip of the actuator. Measurements in Table 1 are sufficient to calibrate EI and MV from (6) and (8).
Calibration for the sensor has to be performed at AC, i.e. dynamically, within the Bat response band. With reference to Fig. 3 , given an (AC) &put voltage of amplitude V,,,, a signal of amplitude VOut can be detected from the charge amplifier and, via optical microscope, the corresponding displacement amplitudes blip and jaCt can be measured. The last two measurements are . as:
Equation (15) is justified by the fact, that aact is related t o the polarization charge Q (and therefore to the voltage V,,,) by a linear relationship as in (14). Such a multiplying factor is derived by the calibration constants &act and V,,t. The minus sign takes into account the inverting functionality of the charge amplifier in Fig. 3. Once V,,, is known and aact is derived by (15), baCt and Ftzp can be determined from (7) while bt,, is derived from (8). As previously mentioned, the ground shield in Fig. 1 is designed to limit the direct coupling between actuator and sensor. Although greatly attenuated (actuators without such ground shield are affected by a very strong feed-through), it is not completely zeroed, resulting in a small offset signal always in phase' with V,,,. Although not perceptible for quantities such as aaCt, 6,,t and btzp, it is evident for FttP since, when no loading effect is applied at the tip, a non zero force Ftzp = FO is measured from (7). In order to counterbalance such an offset, (7) can be rewritten as: VpztlT (16) where G,t is now calibrated (since EI and MV are calibrated) and the constant value A,ff is used to introduce a counterbalancing offset always in phase with V,,t. A,,, is chosen in order to zero (or better minimize) FttP at low frequencies (but still within the flat response frequency range), i.e. canceling out the force offset Fo.
Testing and Application
An actuator with an embedded sensor was fabricated as previously described. Its purpose is to be used for driving and sensing, via a 4-bar mechanism (basically a lever), a wing attached a t the end of the 4-bar itself as in Fig. 7 . Since nonlinear behaviors are expected when dealing with large angular displacements of the wing (due to the Cbar mechanism), the fabricated actuator/sensor device was first tested by means of simple point wise mass mli, = 19Omg attached at the tip of the extension. A point wise mass was chosen in order to match the inertia of the wing as seen before the Cbar structure, i.e. mimicking the real structure without introducing nonlinearities. The frequency response of such a system was obtained by sweeping, over the frequency range of interest for the MFI, a driving signal V,,, of constant amplitude 1OV peal-to-peak and by reading the output signal V,,, out of a charge amplifier as the one in Fig. 3 (a lOnF capacitance was used with a 5,440 in parallel, leading to an expected lower band limit of about 3 H z ) . By using (15) and (16), i.e. after calibration, baCt and Ftip can he estimated and therefore Jti, is also derived from (8). CU,,~L,,~, 6,,, and their sum bti, are shown in the upper plot in Fig. 6 . In the lower plot the estimated Fti, and its expected value are compared, showing fairly good matching. The expected value corresponds to the inertial force due to mtip, i.e. the mass itself times the second time derivative of 6ti, (acceleration of mtip), which in the frequency domain can be expressed as (jw)26tipmti,. For 6,;, the estimated value was used since it agreed well with what was measured via the optical microscope at various frequencies. The test just described shows that the sensor behaves accordingly to the model when the actuator is subjected to operating conditions of interest for the MFI.
It can now be tested with the MFI mechanical structure.
Application to the MFI
A simple diagram of the thorax of the MFI is shown in Fig. 7 . A b b a r mechanism is used as a mechanical transformer to convert the force and linear displacement of the actuator into the torque and the angular displacement needed to drive the wing. Large forces are transformed into small wing torques which are difficult to directly measure without wires the resonant frequency shifts towards lower frequencies when the driving voltage amplitude is increased. The actuator, which is linear at the operating conditions of the experiment, is transformed into a nonlinear one by the saturation of the 4-bar transmission ratio. In particular, a softening of the transformed actuator occurs, i.e. for larger displacement the actuator becomes more compliant. It can be shown, (31, that a damped mass-spring system with a softening spring leads to frequency shift as the ones shown in Fig. 8. 
Summary and Future Work
By patterning the electrodes of a piezoelectric layer by means of a low power laser beam, sensing capabilities were embedded into a standard piezoelectric unimorph actuator. In order to reduce the electromechanical coupling between actuating and sensing section an additional electrode was patterned and grounded providing a shielding effect that significantly reduced the coupling. A model was derived for the sensor which, together with the static model of the actuator, provided a simple means of estimating external force and displacement at the tip of the actuator itself. The calibration steps were outlined in order to practically use a fabricated device. A point wise mass was attached at the tip of the actuator and its weight was chosen in order to reproduce the operating conditions arising when an wing is driven, through a coupling mechanism, by the actuator. The force measured by the sensor matched the expected ones which were computed by perfectly knowing the nature of the load, i.e. the point wise mass. The actuator/sensor device was then used to drive a MFI thorax and the sensor signal was processed to derive the mechanical power fed into the wing, an important information for wing flapping mechanisms. As future work, the actuator/sensor device will be used to induce the wing to track the desired kinematics.
